Abstract: To achieve a better material for thermoelectric power generation device, filled skutterudite Yb 0.3 Co 4 Sb 12 samples were fabricated by melting-quenching-annealing-spark plasma sintering (SPS) method. Two sets of samples, before and after SPS, were investigated. In both the two sets of samples, the average grain size of the samples increases monotonously with the increase of annealing time, while Yb filling fraction firstly increases and then decreases. Yb not filling into the skutterudite remains at the grain boundaries in the form of Yb 2 O 3 after SPS, which could be quantified by the spatially difference method of energy dispersive spectra.
Introduction


With the introduction of the phonon glass electron crystal (PEGC) conception, filled skutterudites have been reported as promising thermoelectric materials due to their low lattice thermal conductivity and excellent electronic properties [1] [2] [3] [4] [5] [6] . The fillers located at the voids of skutterudite lattice are loosely bonded with the host atoms and the rattling effect of filler atoms can frequency, which can be classified as the fourth category. The unique low vibration frequency makes it effectively scatter lattice phonons, which other atoms cannot match [25] . Therefore, Yb x Co 4 Sb 12 is considered as one of the best n-type single filled skutterudites with unique characteristics.
Although the Yb filled skutterudites have been extensively studied for a long time, the Yb filling fraction limit (FFL) is still controversial. The calculated filling fraction limit for Yb element in CoSb 3 is about 0.3 [26] using ab initio density functional calculations. Currently, the Yb FFL has been reported to range from 0.2 to 0.7 [27] [28] [29] [30] [31] [32] [33] [34] . Indeed, rare earth filling fraction is strictly bound to electronic and thermodynamic issues, and it is generally recognized as strongly dependent on the oxidation number rather than on the ion chemical identity [35] . Despite the great efforts that have been devoted to improving the FFL and thermoelectric properties, attentions are also needed for the actual amount of fillers going into the voids. Beyond that, the research on the relevance of Yb filling fraction to microstructure evolution is not detailed and systematic enough. On the other hand, as far as the fabrication approach for filled skutterudites is concerned, the melting-quenching-annealing-spark plasma sintering (SPS) method is the most widely adopted and utilized. The ideal melting-quenching-annealing-SPS method requires that all elements are homogeneously distributed to provide the minimized diffusion paths to realize a sufficient and complete solid-state reaction during the annealing process. However, local inhomogeneity usually exists in skutterudite, which is strongly affected by preparation technique, such as thermal treatments [36] . Therefore, a systematic study on the microstructural evolution in the whole fabrication process would help us better understand the filling behavior of Yb and its relationship with the thermoelectric property. The previous work of Yao et al. [37] focused on the genomic effects of the quenching process on the microstructure and thermoelectric properties of Yb 0.3 Co 4 Sb 12 and found Co-Sb peritectic segregation in the quenching process contributes to the formation of second phases (YbSb 2 / CoSb/CoSb 2 /Sb) and to the poor thermoelectric performance in the final large-scale Yb 0.3 Co 4 Sb 12 products.
In this work, we aimed at the effects of annealing time and SPS on the microstructure and thermoelectric properties of Yb 0.3 Co 4 Sb 12 .
Step distribution of Yb filling fraction was observed in the sample annealed for a short time, which indicates the local inhomogeneous distribution of Yb. With the increase of the annealing time, the step distribution of Yb filling fraction changed to the normal distribution. Yb not filling into the skutterudite remained at the grain boundaries in the form of Yb 2 O 3 , which could be quantified by the spatial difference method of energy dispersive spectra (EDS). Moderate annealing time, which was 3 days in our case, can lead to the relatively small grain size and high Yb filling fraction, which are beneficial to the thermoelectric property of the sample with the ZT value 1.24 at 850 K. The results could help us to better understand the process of microstructural evolution.
Experimental
The Yb-filled skutterudite samples were prepared by melting-quenching-annealing-SPS method with the raw materials Yb (99.98%, ingot), Co (99.95%, shot), and Sb (99.99%, shot). The raw materials were weighed with the nominal composition Yb 0.3 Co 4 Sb 12 and loaded into quartz tube with carbon crucibles (inner diameter 15 mm). The tubes were sealed under a pressure of 10 -3 Pa, heated to 1353 K, held at this temperature for 2 days, and quenched in a supersaturated salt ice-water solution. The quenched ingots were annealed at 973 K for different time (1 h, 1 day, 3 days, and 7 days), crushed and ground into powders, and then were finally consolidated by SPS at 883 K under a pressure of 60 MPa for 5 min. The samples after meltingquenching-annealing-SPS process were recorded as A0S, A1S, A3S, and A7S, respectively. The samples obtained just after melting-quenching-annealing process were named after A0, A1, A3, A7 for comparison, respectively.
X-ray diffraction (XRD) data were collected using X-ray diffractometer (Bruker D2 PHASER) with Cu Kα radiation in the range 10 ≤ 2θ ≤ 80. The microstructures of samples were observed by the scanning electron microscope (Model Supra55, G300, Carl Zeiss, Germany). Composition analysis was characterized by energy dispersive spectrometer (EDS; Oxford, UK). The statistics of grain size were performed by the image analysis software (Image Pro Plus v6.0). The ZT values were calculated by the formula ZT  conductivity, and absolute temperature, respectively. The electrical conductivity and Seebeck coefficient were measured using the standard 4-probe method (ULVAC ZEM-3) in He atmosphere. The thermal conductivity was calculated from the thermal diffusivity D, specific heat C p , and density density  according to the relationship . The densities of samples were measured using the Archimedean method. The thermal diffusivity D and specific heat C p were measured with a laser flash method (Netzsch LFA 427) and differential scanning calorimetry (Shimadzu DSC-50), respectively. All the measurements were performed in a temperature range from room temperature to 850 K. Figure 1 shows the XRD patterns of the samples A0S, A1S, A3S, and A7S, which experienced the meltingquenching-annealing-SPS fabrication process. All the diffraction peaks can be indexed to the CoSb 3 skutterudite phase. No significant peak of second phase appears.
Figures 2(a)-2(d) illustrate the backscattered electron (BSE) images of the samples A0S, A1S, A3S, A7S
, respectively. It is clearly seen that there are also some white areas besides the matrix grains in all the samples. The white areas were determined to be the second phase Yb 2 O 3 by EDS. Such an inconsistency in XRD and SEM results might be due to the low volume content of second phase in the skutterudite composites, which is beyond the measurement limit of our XRD system. It is obvious that the Yb 2 O 3 volume fraction shows a decreasing trend. In the sample A0S, Yb 2 O 3 presents massive and continuous distribution in some regions ( Fig. 2(a) ), while Yb 2 O 3 distributes sporadically in the samples A3S and A7S. The variation of Yb 2 O 3 distribution indicates that the filling of Yb into the skutterudite becomes more and more homogeneous. The contrast of skutterudite grains is different as shown in Fig. 2 , which might be caused by the difference of grain orientation. From the BSE images, it is obvious that the grain size increases with the increase of annealing time. Figure 3 gives the grain size distributions of the samples in detail. In contrast to the sample A0S, the grain size of the samples A1S, A3S, and A7S is relatively widely distributed. The sample A0S has a minimum average grain size of 2.12 μm and the sample A7S has a maximum average grain size of 4.87 μm. The data of the average grain sizes can be seen in Table 1 . Fig. 4 . The Yb filling fraction shows the normal distribution in the sample A0S ( Fig. 4(a) ) in contrast to the clear step distribution in the sample A1S. The frequencies of relatively lower Yb filling fraction are much lower in the sample A1S, while the frequencies of Yb filling fraction ranging from 0.175 to 0.25 are high and remain relatively flat.
In the sample A3S, the Yb filling fraction presents Gaussian-like distribution and centralizes in 0.25 approximately. In the sample A7S, the frequency of Yb filling fraction over 0.275 is quite low. The average Yb filling fractions in every sample are summarized in Table 1 . With the increase of annealing time, Yb filling fraction increases firstly, reaches the maximum (0.249) in the sample A3S, and then decreases a little in the sample A7S. The lowest Yb filling fraction in A0S indicates that the annealing time 1 h is not enough for Yb to enter the void of octahedral, which is consistent with the existence of amounts of Yb 2 O 3 as shown in Fig. 2(a) . Obviously, Yb filling fractions in all the samples are lower than the nominal value. Except filling the skutterudite and forming the second phase Yb 2 O 3 , Yb was also found at the grain boundaries. Figure 5 reflects the change of Yb at the grain boundaries in the sample A0S. As shown in Figs. 5(b) and 5(c) , the Yb content does not change across the grain boundary without white contrast (line 1 in Fig. 5(a) ). In contrast, Yb strongly segregates to the grain boundary with white contrast (line 2 in Fig. 5(a) ), which is clearly displayed in Figs. 5(d) and 5(e). Similar cases were also observed in the samples A1S, A3S, and A7S. Yb segregation to grain boundaries can be quantified by the method described in Refs. [38, 39] 
where is the excess level of element i segregated to the grain boundary.
is the -factor of element i, r is the density of the reference element Co, which is 5.412 nm -3 in the Co 4 Sb 12 phase, and w is the width of rectangle used for the detection.
Taking the grain boundary shown in Fig. 5 
where is the site density of element Yb in the Yb N Yb 2 O 3 , which is 11.2 nm -3 . Such a value is consistent with the width observed by the microstructural image shown in Fig. 5(d) .
3 Microstructural evolution
To make clear of the microstructural evolution process, especially Yb filling fraction, the analyses of the samples (A0, A1, A3, and A7) before the SPS process were conducted as follows to make comparison. Figure  6 shows the BSE images of the samples A0, A1, A3, and A7, which just experienced melting-quenchingannealing process. Compared to the samples after SPS, there are more pores in these samples. The densities are accordingly worse. It is notable that most regions in the sample A0 possess such a kind of morphology with equiaxed CoSb 3 grains as shown in Fig. 6(a) . Besides that, there are still some regions in the sample A0 showing the peritectic characteristics [40] as presented in Fig. 7(a) . The dark gray area is CoSb, which is wrapped in CoSb 2 (gray), and the large area of light gray is the Yb filled skutterudite phase. EDS mappings in Figs. 7(b) , 7(c), and 7(d) clearly display the distribution of elements Yb, Sb, and Co in the three different phases. Such peritectic microstructure indicates that annealing 1 h is not sufficient for the solid state reaction. In contrast, the A1, A3, and A7 samples get a relatively uniform skutterudite phase as displayed in Figs. 7(b), 7(c), and 7(d). Comparing the sample A0 with the sample A0S, it is found that peritectic characteristics (CoSb, CoSb 2 ) disappeared after SPS process. We speculate that the small amount of CoSb and CoSb 2 phases formed the non-stoichiometric CoSb 3x phase during the SPS process.
The average grain sizes of the samples before and after SPS are summarized in Table 1 . It is noted that the grain size as well as Yb filling fraction of A0 sample were selective statistics, which were subsequently measured in the areas of skutterudite phase excluding the areas with peritectic microstructure. The common point between the two sets of samples lies in that the average grain size increases with the annealing time. Similar with the sample A0S, the sample A0 possesses the finest grains among the samples A0, A1, A3, and A7. For the sample A0, the remained peritectic microstructure and the smallest average grain size of selective skutterudite phase indicate that 1 h was too short for skutterudite phase formation and grain growth and A0 was far from the state of equilibrium. The following SPS process might enhance the grain growth a little bit: for the samples A1, A3, and A7, the skutterudite phase was completely formed and much closer to an equilibrium state compared with A0. The decrease of grain size after SPS process may be ascribed to the grinding process before SPS.
Not only the average grain size but also the Yb filling fractions in the samples before and after SPS are listed in Table 1 . The Yb filling fraction firstly increases and then slightly decreases with the annealing time in both sets of samples. The maximums of Yb filling fraction in the two sets of samples are both reached when the annealing time is 3 days. The Yb filling fraction in the sample A0 is 0.189, much less than 0.221 in the sample A3, which indicates that the annealing time of 1 h is not enough for the reaction among the elements to form the final filled skutterudite phase. Therefore, the second phases CoSb and CoSb 2 remain in the sample A0 as shown in Fig. 7(a) . The average Yb filling fraction in the sample A0S is 0.190, which is very close to that in the sample A0, but more homogeneous. Considering that there is no more second phase in the sample A0S, it is indicated that SPS process can promote the solid state reactions to form the Yb-filled CoSb 3 . For the samples annealed for 1 day, 3 days, and 7 days, the Yb filling fractions are enhanced more or less by SPS process. The larger standard deviations of Yb filling fraction in the annealed samples (specially in A0 and A7) compared to SPS sintered samples indicates that the local composition is strongly affected by thermal treatments [36] .
With the increase of annealing time, the cumulative curves of Yb filling fraction for the samples A0S, A1S, A3S, and A7S are presented in Fig. 8 . Intuitively, it is interestingly found that the cumulative curve of the sample A1S presents step distribution. Yb filling fraction in the sample A1S distributes more widely than that in the samples A3S and A7S. Such step distribution might have a relationship with the accumulative influence of annealing and SPS process. As described above, there are two distinct microstructural characteristics in the sample A0 (Figs. 6(a) and 7(a) ), and the distribution of Yb is therefore locally inhomogeneous in the different regions. Although Yb filling fraction presents a Gaussian-like distribution in the skutterudite phase areas in the sample A0 ( Fig. 9(a) ), the Yb filling fraction distribution changed a little in the sample A0S after SPS (Fig. 4(a) ) indicating SPS promoted the formation CoSb 3-x phase in the peritectic regions and homogenized the Yb filling fraction. When the annealing time was prolonged to 1 day, the peritectic regions as shown in the sample A0 might just disappeared, CoSb and CoSb 2 formed the non-stoichiometric CoSb 3-x phase, and Yb at the grain boundaries (see next section) started to fill the newly formed skutterudite phase. On the other hand, Yb filling fraction in the previously formed skutterduite phase will be enhanced. Therefore, Yb filling fraction presents step distribution as shown in Fig. 9(b) . Low Yb filling fraction with low relative frequency corresponds to the newly formed skutterudite phase. SPS process promoted the homogenization of relative high Yb filling fraction, but did not change the step distribution of Yb filling fraction (Fig. 4(b) ). For the samples annealed for 3 and 7 days, the relatively uniform microstructure and homogenous Yb filling fraction could be obtained during the annealing process (Figs. 9(c) and 9(d)). After SPS, the microstructures changed little, and Yb filling fractions increased a bit (Figs. 4(c)  and 4(d) ).
4 Yb 2 O 3 formation
After SPS, Yb 2 O 3 was formed in the samples A0S, A1S, A3S, and A7S. And the volume fraction of Yb 2 O 3 in the microstructures shows a decreasing trend. Since the Yb filling fractions are all lower than the nominal value and there is no Yb-rich second phase in the samples A0, A1, A3, and A7, the rest of Yb is supposed to segregate to the grain boundaries. The lower Yb filling fraction in the grains indicates that the higher amounts of Yb distribute at the grain boundaries. During the process of crushing and grinding, intergranular fracture was easy to happen [41] . Yb at the grain boundaries would expose to the air and be oxidized. During SPS, Yb 2 O 3 formed and aggregated at the boundaries or triple pockets. Since the Yb filling fraction in the sample A0 is the lowest, the Yb 2 O 3 volume fraction in the sample A0S is the highest, as shown in Fig. 2 . Inhomogeneous distribution of Yb 2 O 3 in the microstructure originates from the inhomogeneous distribution of Yb at the grain boundaries before SPS.
5 Thermoelectric properties
In addition, through these synergetic effects, the performance of the samples would be influenced. The temperature-dependent electrical conductivity, thermal conductivity, Seebeck coefficient, and ZT value are shown in Fig. 10 . In order to ensure the accuracy of measurement, three samples were prepared for each set of test parameters and the mean and standard deviations were taken as the data points and error bars. From Fig. 10 , we made the following observations: (I) the electrical conductivity of each sample decreases with temperature over the measured temperature range, indicating semimetal or heavily doped features; (II) the thermal conductivity first decreases and then increases with temperature; (III) the absolute value of Seebeck coefficient increases with temperature and the negative Seebeck coefficient shows that electrons are the dominant charge carriers. The sample A0S has the lowest electrical conductivity and highest thermal conductivity, while the sample A3S has the highest electrical conductivity and lowest thermal conductivity. Comparing with the sample A7S, the sample A1S has higher electrical conductivity, which might be due to the step www.springer.com/journal/40145 distribution of Yb filling fraction in the sample A1S. Although the sample A1S has the higher electrical conductivity, the lower thermal conductivity and the higher absolute value of Seebeck coefficient of the sample A7S lead to the higher ZT value over 550 ℃ ( Fig. 10(d) ). The value of ZT for each sample monotonously increases with temperature, reaches maximum around 850 K. For the samples A1S and A7S, the ZT values at 850 K are about 1.18, lower than the maximum value 1.24 of the sample A3S. From Fig. 10(d) , it can be concluded that the ZT value is consistent with the Yb filling fraction. In the filled skutterudite samples, measured grain sizes of the samples are at the micrometer scale in Table 1 , indicating that would not affect scatter process for electrons whose mean free path (approximately several nanometers) are much lower than the grain size [42] . The filling element Yb as an electron donor and phonon scatter center can effectively improve the electrical conductivity and reduce lattice thermal conductivity.
Conclusions
By melting-quenching-annealing-SPS method, filledskutterudite Yb 0.3 Co 4 Sb 12 was prepared. Two sets of samples, before and after SPS, were investigated. In both sets of samples, the average grain size increases monotonously with the annealing time, while the filling fraction of Yb firstly increases and then decreases. Yb not filling into the skutterudite remained at the grain boundaries in the form of Yb 2 O 3 , which could be quantified by the spatially difference method of EDS.
Step distribution of Yb filling fraction was observed in the sample annealed for 1 h, which was caused by the microstructural evolution from the peritectic phases into the skutterudite phase. The sample annealed for 3 days and SPS sintered possesses the maximum Yb filling fraction 0.249 and the maximum ZT value of 1.24 at 850 K. 
